The U.S. aquaculture gross revenues have grown from $350 million in 1985 to nearly $900 million in 1996, and while large overseas markets are available for native products, the national aquaculture production was only about 3 percent of world production value. It is argued that the utilization of impaired mine waters abundant in WV and the other mid-Appalachian states for fish culture can substantially increase aquaculture economic development. Approximately 232 million gallons of water per day are discharged in WV from both active and abandoned mines, and if only 30% of these water resources were used for aquaculture, the expansion of this industry in West Virginia would be significant. The primary limitation to the effective utilization of discharged waters is the lack of suitable fish culture tanks that can be easily installed in rugged terrains surrounding mine water treatment plants. Such topographical constraints do not easily permit the construction of cast-in-place concrete tanks, and therefore, FRP sandwich materials offer an economical alternative for production of modular, transportable, light, and durable fish culture raceway systems. This study is concerned with the development and evaluation of prototype fish culture tanks using a honeycomb FRP sandwich panel with sinusoidal core geometry, which is produced by KSCI by the contact-molding process. Based on defined functional requirements, a raceway system consisting of four staggered tanks is designed, and each tank is 6x30x3 feet, with a middle partition along the 30-foot length to carry out parallel aquaculture studies. Representative panel samples of the side and bottom walls as well as the side-to-bottom panel connections are tested within the linear range and eventually to failure. The linear response of the samples is analyzed by the finite element method.
series of long rectangular tanks usually made of concrete. Fish in these raceways swim against the current much as they would in a stream, and are fed complete rations in pellet form.
Of major significance is the effective treatment and subsequent use of impaired mine waters for fish production in WV, where it is estimated that 232 million gallons of water per day are discharged from both active and abandoned mines, and if only 30% of these water resources were used for aquaculture, the expansion of this industry in WV is expected to increase dramatically. However, the primary limitation for the effective utilization of discharged waters is the lack of suitable fish culture tanks that can be easily installed in rugged terrains surrounding mine water treatment plants. Such topographical constraints do not easily permit the construction of cast-in-place concrete tanks, and therefore, advanced composite materials offer an economical alternative for production of modular, transportable, light, and durable fish culture raceway systems.
Our overall research work on fiber-reinforced polymers (FRP) is directed to the worldwide interest in development and application of new materials and methods for rehabilitation and new construction of industrial and public works, more commonly termed civil infrastructure. Focusing on innovation, we recently obtained funding from the NSF Partnerships for Innovation Program (NSF-PFI). Working with the University of Akron, OH, and Kansas Structural Composites Inc. (KSSCI) as our industrial partner, who will establish a composites manufacturing plant in West Virginia, and in collaboration with other state and federal agencies and associations, this partnership will develop and manufacture novel honeycomb fiber-reinforced polymer (HFRP) sandwich composite materials for applications in construction and aquaculture industries, with emphasis on the development of prototype products, particularly highway bridge decks and modular fish culture tanks. Thus, the fundamental research described in this paper is being funded by the NSF-PFI, while the field implementation of the product is being supported by the USDA-AFMDP.
We present in this paper the development of a fish-culture raceway system ( Fig. 1 ) manufactured from honeycomb FRP panels, 2 to 4 inches thick, using E-glass fibers and a polymer resin ). The core consists of sinusoidal corrugations and vertical components sandwiched between the face sheets (see Fig. 2 ), with smooth finished exposed faces that will permit easy cleaning and virtually eliminate algae growth. A dark green pigment will be selected and added to the resin to achieve a permanent color that will not require painting over the service-life of the structure. Also, the resin will be formulated to have a UV resistance for outdoor applications of over 30 years. The resin used will resist nearly any chemical exposure and wet-dry cyclic environments at low and high temperatures, making the honeycomb panels highly durable. The raceway system will consist of four 30 ft by 6 ft tanks staggered vertically to permit gravity flow of water. Each of the 6-foot wide tanks will have a longitudinal partition panel to allow for parallel fish culture studies (Fig. 1) . The weight of the panels will be approximately 4 to 6 lb/ft 2 , which is about 12 times less than the weight of a comparable concrete material. Thus, the HFRP tanks can be easily transported and installed.
Objective And Scope
This study is concerned with the design, manufacturing, and experimental and numerical evaluations of HFRP sandwich panels and panel-to-panel connections for applications in the forthcoming development and implementation of fish culture tanks, to be installed as raceway systems in West Virginia for fish growth utilizing both treated coalmine waters and fresh spring waters. The component panels are tested as beams and their measured displacements and strains are correlated with finite element analyses with ABAQUS (1998). Similarly, two designs of side-to-bottom panel connections are evaluated experimentally and modeled as cantilever beams to study their relative rotational stiffness of the connected joints. General details of the design of the fish tank are presented, and an overview of three future projects is given.
Design Of HFRP Raceway
The design of the HFRP raceway system is based on requirements established by the future users of the system, who defined the height, length and width of the tanks. The strength and stiffness of the HFRP structural components was then determined jointly by the research team and the manufacturer.
The requirements of the tanks were partially based on current concrete raceway systems, but also on specific needs of the future users. A schematic view of the tank is shown in Figure 1 . The tank must have two parallel channels of constant cross-section, allowing for simultaneous comparative aquaculture studies. The channels are 3 feet wide by 3 ½ feet high, to allow for a depth of water of 3 feet. The tank is divided into two separate components. There is a main raceway unit which is 24 feet long, and is used for raising fish. There will be separation screens placed along the tank to allow for the possibility of raising different species or sizes of fish in the same channel. The second part of the tank is a quiescent zone. The fish will be restricted from this area, which will be used for collecting and disposing of fish waste and debris, using a drain located on the bottom panel of the quiescent zone. Dam boards will be placed at the end to control the elevation of the water in the tank. The two sections of the tank are connected using a structural fastening system currently being designed.
In order to establish appropriate stiffness and strength properties for the component panels, several functionality requirements had to be considered. The tanks should not have any obstructions on the outside that would impede easy access. Also, the interior cross-section of the channels must have normal corners. Thus, the connection of the bottom-to-side panels must be stiff enough to meet deflection and strength criteria, while also satisfying the prescribed requirements. There are two proposed connection details, which are discussed in a following section. After the initial design of the raceway tank, the required structural capacity of the panels could be determined. Based on past experience, the research team and the manufacturer determined an appropriate size and lay-up. The loads were based on 3 feet of water pressure and other loads possibly from people leaning against the side panels. The deflection limit is based on the separation screen openings, which was determined to be 3 / 8 of an inch. A 3-D view of the sandwich panel geometry is given in Figure 2 , showing the top and bottom face sheets and the core consisting of sinusoidal and straight components. The constituent materials are chopped E-glass fibers and polyester resin. The side panels have a thickness of 2 inches with the top and bottom face sheets consisting of three layers of chopped strand mat (ChSM), each being 0.03 inches thick. The core is produced from two layers of ChSM. The bottom panels have the same face sheet and core thickness and same materials, but the panel thickness is 4 inches. 
Evaluation Of Components
The structural components of the HFRP raceway system consist of the side and bottom panels and their connection. The sinusoidal core orientation is in the "longitudinal direction" (see Figure 2 ) along the length of the tank. Beam samples representing these panels are experimentally tested to evaluate deflections and strains and to correlate results with finite element analyses. Also, two proposed side-to-bottom panel connections are tested and analyzed by the finite element method.
Experimental Testing of Beam Samples
The beam samples used in the experimental protocol consist of five bottom panel samples and five side panel samples. For both panels, there are two longitudinal (sinusoidal wave along the length) and two transverse (sinusoidal wave along the width) samples, each 8-inch wide by five-feet long. In addition, there are two 12-inch wide by about 7-foot long panels, one with transverse core orientation for the side panel and one with longitudinal core orientation for the bottom panel.
The beams are tested in a 3-point loading configuration, and the span-length depends on the overall length of the sample. Strains are measured on the top and bottom face sheets of the sample. On the top, there are three gages spaced equally across the width at a distance of six inches from the midspan. The bottom face sheet is instrumented with one strain gage at the midspan and mid-width of the beam. Deflections are measured at the midspan and at third points with respect to the span-length. The beams are loaded to approximately 300 pounds, staying well within their linear range.
Data is recorded by a computerized data acquisition system and later reduced using a spreadsheet. The data presented in Table 1 
Finite Element Analysis of Beam Samples
Finite element beam models are created to correlate predictions with the experimental results. These models are intended to simulate the actual geometry of the beam samples. The beam models are created using 3-and 4-node layered shell element with ABAQUS (1998). The face sheets are composed of three layers of quasi-isotropic chopped strand mat and the core walls are composed of two layers of the same material. Using the pre-and post-processor FEMAP (1999) program, the models are generated using a copy-and-paste method, in which a 4" by 4" "cell" of the specific panel is defined and copied to produce a beam of any length, width and core orientation. Symmetry is exploited to decrease the computational effort, by defining a shear-release boundary condition at the midspan of the models, and the load is applied along the width as a line load. Table 2 shows the results for 100 pounds of load. The strain data is found by examining the element average values across the width at the desired location with respect to the midspan. Because of the coarseness of the mesh, strain data varies somewhat. Thus, the maximum and minimum strain values are reported, along with the average of the two. The strain results are given in microstrain, while deflections are given in inches.
Comparison of Results for Beam Samples
A comparison of experimental and finite element analysis results shows good correlations in strains and displacements. The finite element models show stiffer behaviors than in actuality, predicting lower strains and deflections than recorded in the experimental tests. However, for the cases of longer span-lengths with samples of 12" width, particularly the side panels with transverse core orientation, the predicted deflections are much closer to the experimental values. An observation of the results indicate that both deflections and strains can be predicted by the finite element method with reasonable confidence, and based on these favorable results, the side-to-bottom panel connection is studied in the next section. Experimental Testing of the Connection Two different designs for the connection of the side panel to the bottom panel were proposed, and samples for each connection type were produced and tested. The goal of the experimental testing is to evaluate the two connections and suggest the best design for production of the tank. The unstiffened connection, shown in Figure 3 , is designed for the side panel to be embedded into the bottom panel a distance of one inch. The panels are then joined with a polyester resin. The bottom panel extends four inches beyond the outside face of the side panel to allow for a better distribution of stresses at the corner. The stiffened connection, shown in Figure 4 , is similar to the previous connection, with the exception of a triangular stiffener placed on the outside edge of the embedded panels. The stiffener, which extends four inches up the side wall and four inches out to the edge of the bottom panel, is produced by a core section of triangular cross-section covered by a face sheet. The stiffener is co-cured to the side and bottom panels. In both cases, the inside corner remains normal as required by the design. Each of the two connection samples is 12 inches wide. The bottom panel extends 18 inches from the interior edge of the side panel, with the longitudinal core orientation along its length. The side panel extends 42 inches from the top of the bottom panel, with the longitudinal core orientation along its length.
The experimental testing of the connection is performed by mounting the bottom panel of the sample to a fixed steel vertical column. A tip load is applied to the side panel at a distance of 36-inches from the interior face of the bottom panel, as shown in Figure 5 , and deflections are recorded at distances of 24-and 36-inches. Strains are measured at 11 locations on each of the samples, with 5 gages bonded to the bottom panel (#1, #2, #3, #6 and #7), which is fixed to the steel column, and 6 gages bonded to the side panel (#4, #5, #8, #9, #10 and #11). Each gage is bonded in the same respective location for each sample to allow for easy comparisons. The exception being gages #8 and #9 for the stiffened sample, which are offset a distance of 2-inches because of the location of the stiffener. The data is reduced using the same method as for the beam samples, and the strains and deflections for 100 pounds of loading are shown in tables 3 and 4, respectively. This simplified boundary condition is used as a baseline to evaluate, by comparison, the relative rotational stiffness of the connection, for both types of connection design. The core geometry of the model corresponds to the actual sample, with the longitudinal core orientation along the length. The beam model is fixed at one end, and a tip line load is applied at the opposite end. The magnitude of the resulting load is 100 pounds. The strains and deflections are shown in tables 3 and 4, respectively, corresponding to the same locations as in the experiment. The predicted strain values are obtained using the same procedure as for the 3-point bending beam models. For gages #8 and #9, the two strain values given in Table 3 correspond to locations on the unstiffened and stiffened panels, as noted in the table. Figure 6 shows the deformed shape of the cantilever beam model. 
Comparison of FE and Experimental Results for the Connection
In relation to the finite element model, which assumes a fixed boundary condition, the stiffened connection design approaches this condition. The unstiffened connection is more flexible, showing a relative rotation at the joint. Examining the maximum displacement values in Table 4 , we can see significant differences between the two designs. The deflections of the unstiffened sample are about 42% greater than those of the stiffened sample. Since the strains of the side panel (the panel on which the load is applied) for both connection types are approximately the same, we can infer that the joint rotation of the unstiffened sample is significantly greater than that of the stiffened sample.
The finite element model predicts strain values for the side panel of approximately the same magnitude as recorded for both connection designs, but generally closer to those of the stiffened sample. However, for displacements there is a 44% difference between the FE model and the experimental results for the unstiffened sample, but only a negligible difference for the stiffened sample.
While there are larger displacements for the unstiffened connection design, both connection types are adequate for use in the production of the tank. The stiffened connection will be used for the exterior panels, and the unstiffened connection will be used for the interior partition panel (see Figure 1) . 
Overview Of Future Installation And Evaluation Of HFRP Raceway Systems
There are two projects currently underway in which modular Honeycomb FRP tanks will be installed. One site is located at the Dogwood Lakes water treatment facility near Morgantown, West Virginia, which is owned by Consolidated Coal Company. The other site is Reymann Memorial Farm in Wardensville, West Virginia, a university-run research facility. While the terrain and water source at these two sites are different, they both share the need for a removable raceway system. Dogwood Lakes is a water treatment facility, in which treated mine water is channeled to a settling pond from which the water discharges into a stream. The goal of the aquaculture project at this site is to capture the water from the outlet of the pond, and divert it into a raceway system consisting of four HFRP tanks, which will be staggered along the hillside to grow trout and study the commercial feasibility of treated mine water for fish production. The terrain at Dogwood Lakes is very rugged, making it nearly impossible to use conventional concrete tanks. Moreover, the coal company will not allow permanent structures to be built at this site.
The second site is the Reymann Memorial Farm, owned by West Virginia University. The tanks will be located on a pasture field below a permanent spring of abundant fresh water.
Part of the spring water would flow through a 4-tank raceway system and empty into either a pond or an adjacent creek. While the terrain at this site has a gentle slope, the modular HFRP raceway system is preferred because of its mobility and versatility.
In addition to these two sites, there is a third project in which a HFRP tank will be used as an in-pond floating system. The tank will be submerged in a pond and will be fitted with adjustable ballast to permit the tank to float above the water level, which is needed to safely keep the fish inside the tank and to dispose of the fish waste without contaminating the pond. This floating unit will be installed at the Warwick Mine Water Treatment Plant in Greene County, Pennsylvania.
Concluding Remarks
This paper presents an overview of the design of a fish raceway system, consisting of several tanks in series manufactured from honeycomb fiber-reinforced polymer (HFRP) sandwich panels. The design is based on functionality requirements, and accordingly, structural members are sized and corresponding samples are manufactured and experimentally tested to evaluate their linear response, which is also investigated using finite element models with ABAQUS (1998).
Several projects utilizing this new product have been planned and started. Thus, it is expected that demand for the HFRP tanks will increase. Future field evaluations by the research team and users of the raceway system will define further refinements to the overall design of the individual tanks. Furthermore, additional experimental testing will be performed, including failure of the samples discussed in this paper. A finite element analysis of the entire tank, based on equivalent panel properties, will be conducted to assist in the optimization of the structural components and connections.
